The bulk breakdown behaviour of alumina single crystals with two different crystal orientations,   0 2 11 -plane (single crystal A) and   1 000 -plane (single crystal C), have been studied. Therefor plan-parallel single crystal samples were electrically loaded until dielectric breakdown was achieved. For each crystal orientation, a characteristic breakdown channel direction through the sample could be defined. In C-oriented crystals the breakdown channel originated parallel to the c-axis. For Aoriented crystals however, the breakdown channel crossed the sample in an oblique direction; the angle between crystal surface and breakdown channel was 60°. Here, the breakdown channel crossed the sample along an A-plane. Although the breakdown channel paths of A and C crystals are different, the observed breakdown strength are identical within the scatter range.
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Introduction
The phenomenon of dielectric breakdown has been investigated since about 1930, by for example von Hippel 1, 2, 3 , who studied the mechanism of electric breakdown of alkali halides. Until now, the process causing breakdown in non-conducting materials is not well-understood. For example, ceramic materials which are widely used as insulation materials in industrial applications still exhibit limitations although their dielectric breakdown strength is optimized using empirical methods. The initiation of dielectric breakdown is proposed to be an electronic dominated process 4 and can be described as a sudden destabilisation of charges trapped in the material 5, 6 . Defects of the microstructure such as pores, grain boundaries, impurities, crystallographic defects and secondary phases are considered as trapping sites. Therefore, it is generally believed that the resistance against dielectric breakdown is directly connected to microstructure properties 7, 8, 9, 10 . In the present study, the focus is on the dielectric breakdown behaviour of alumina single crystals. In order to eliminate microstructural effects, single crystals of two crystal orientations are used. A correlation between crystal orientation and development of the breakdown channel is proposed.
Method
Material
Dielectric breakdown experiments were performed on commercially available high purity alumina single crystals (Tab. 1) produced by the Edge-Defined Film-Fed Growth Process 11 . Cylindrical samples with a diameter of 30 mm and thickness of 1.5 mm were cut and subsequently the surfaces of the samples were epitaxial polished on both sides at CrysTec Kristalltechnologie (Berlin, Germany). The two different crystal orientations tested were A-plane and C-plane, parallel to the  0 2 11 -and   1 000 -plane (Fig. 1) respectively. In this report, samples with a surface parallel to the   0 2 11 -plane will be labelled as single crystals A while samples with a surface parallel to the   1 0 00 -plane will be labelled as single crystals C. 
Breakdown test
The breakdown tests were performed in silicone oil at room temperature using rectified ac voltage. For each crystal orientation, 11 samples were tested. The high voltage electrode of the measuring cell was a brass-made pin electrode with a rounded tip, enclosed with an unplasticized PVC cylinder to avoid flashover behaviour. The ground-electrode made of stainless steel has a flat surface area for contact with the sample and a rounded edge, similar to a Rogowski profile. To ensure a good electrical connection between sample and electrodes, a circular shaped layer of conductive silver with a diameter of 10 mm was deposited on the sample surface.
The samples with conductive silver electrodes were heated in a drying furnace at 100°C for 5 h before testing to ensure the evaporation of solvents. A polarising filter was used to visualize the internal stresses between the cleavage planes in Fig. 3a which surround the breakdown channel along the whole length. In Molten material encloses the breakdown channel opening of single crystal C (Fig. 4) which proves the presence of high temperatures during or directly after the breakdown event. Presumably a certain amount of alumina also vaporized during the breakdown process; this happens suddenly, leading to compressive stresses inside the breakdown channel and tangential tensile stresses in the channel wall.
Results
Optical Observation of Breakdown Channel
Besides the breakdown channel, typical triangular shaped deteriorations and surface grooves arranged in 120° angle are found at the high voltage side of the single crystal C surface (Fig. 5a ). This surface damage surrounding the conductive silver electrode is probably produced by partial discharges emitted from field enhancement at the conductive silver edge. The samples could withstand a certain amount of these partial discharges before breakdown. Additionally, the observation that the origin of the breakdown channel is not necessarily placed in an area of high surface damage indicates that these partial discharges did not immediately result in dielectric bulk breakdown.
The surface damage of single crystal A before breakdown is characterised by arrowhead shaped craters (circled in Fig. 5b) ; 90° angles are found between surface grooves. To follow the path of the breakdown channel through the single crystals A and C, the cross-section areas perpendicular to the crystal surfaces were prepared. In contrast to the breakdown channel profile of single crystal C, the breakdown channel of single crystal A (Fig. 6b) In this direction the density of atoms is lower due to the combination of low oxygen atom density and high octahedral vacancy density compared to any other direction. 
Discussion
The optical investigation of the breakdown channel in alumina single crystals showed that defined directions are preferred as breakdown path. In crystal C (Fig. 6a) , the breakdown channel is parallel to the c-axis.   0 1 10 -cleavage planes are developed in a star-shape manner, during the breakdown process. Furthermore molten debris around the breakdown channel opening (Fig. 4) studied the breakdown behaviour of alkali halides like NaCl and reported that for low applied electric fields, the dielectric breakdown favours the crystal direction with lowest potential barrier between similar lattice atoms. For high electric fields, the direction which allows the highest electron mobility will be favoured by the breakdown path. This direction is in most cases equal to the direction of lowest atom density. In Fig. 7 , the schematic of the basal plane of the hexagonal structure is shown, including the channel path along an A-plane marked by red arrows. Along these directions, the oxygen atom density is lower compared with any other direction. Additionally, these distinct directions show the highest octahedral vacancy density; these are the directions of lowest atom density.
Presumably, this combination of low oxygen atom density and high octahedral vacancy density causes the oblique breakdown path in the single crystal A.
In some samples a kinking of the channel profile by an angle of 120° was observed.
Here, the channel changed the direction from one A-plane to another A-plane. This behaviour could be caused by the position of the breakdown channel in relation to the conductive silver electrodes, which are applied onto the sample surface. In contrast to straight electric field lines directly below the silver electrode, the field lines are bent adjacent to the silver electrode. Thus, if the breakdown event is assumed to be an electronic process, the electrons will follow the electric field lines. (Fig. 5b) , the arrowhead shaped surface grooves will be aligned along the c-axis.
The reported results of breakdown strength for 1.5 mm thick single crystals A and single crystals C are (24.0 ± 1.8) kV/mm and (23.7 ± 1.4) kV/mm, respectively.
Conclusion
Breakdown channel profiles as well as the surface deteriorations are characteristics for crystal A and crystal C. In crystal C, the breakdown channel is created parallel to the c-axis, enclosed by   
